Numerical and Experimental Study on Liquid Film Flows on Packing Elements in Absorbers for Post-combustion CO2 Capture  by Iso, Yoshiyuki et al.
 Energy Procedia  37 ( 2013 )  860 – 868 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.05.178 
GHGT-11 
Numerical and experimental study on liquid film flows on 
packing elements in absorbers for post-combustion CO2 capture 
Yoshiyuki Isoa*,  Jian Huanga,  Mariko Katoa,  Shinsuke Matsunoa and Kenji Takanob 
aResearch Laboratory, IHI Corporation, 1, Shin-Nakahara-cho, Isogo-ku, Yokohama 235-8501, Japan 
bEnergy Operations, IHI Corporation, 1-1, Toyosu 3-chome, Koto-ku, Tokyo 135-8710, Japan 
Abstract 
To reduce global warming and greenhouse gas emissions, it is important to develop Carbon Capture and Storage 
(CCS) technology, especially for coal fired power plants. Post-Combustion CO2 Capture (PCC) is one of the greatest 
potential technologies for reducing CO2 emissions, because of its economy and efficiency. Gas-liquid interfacial 
flows, such as the flue gas and the liquid solvent, are applied to the absorption process. Efficient control of liquid 
solvent flows by using packings in absorbers can increase the gas-liquid interfacial area and the mass transfer rate. 
The present study focuses on detailed descriptions of interfacial flows, as well as how such phenomena are affected 
by wall surface texture treatments. This study develops a numerical simulation technique using Computational Fluid 
Dynamics (CFD) as well as a lab-scale experimental testing technique. Through the comparison of two geometry 
cases (smooth wall and wavy wall), the numerical and experimental results show that surface texture treatments can 
help to prevent the liquid channeling and can increase the wetted area. Furthermore, our advanced design of surface 
texture treatments and packing systems is developed. The absorption column tests using the CO2-NaOH system show 
that our advanced packings have lower gas pressure loss and higher absorption performance by comparing to several 
conventional structured packings. 
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1. Introduction 
Global warming and greenhouse gas emissions have become a major issue in the world. It is necessary 
to develop Carbon Capture and Storage (CCS) technology for coal fired power plants to reduce CO2 
emissions. Under such situations, Post-Combustion CO2 Capture (PCC) has the great potential as the 
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economical and efficient technology for reducing CO2 emissions, because PCC can be applied to both 
retro-fit and new construction of power plants as well as can control the CO2 capture rate. 
Gas-liquid interfacial flows (wetting flows), such as the flue gas and liquid solvent, are applied to CO2 
absorbers for PCC. Efficient control of liquid solvent flows by using packing elements in packed columns 
is important to increase the gas-liquid interfacial area and the mass transfer rate between the gas and the 
liquid. Control of interfacial flows by using packing elements is one of the key design factors in packed 
columns. In particular, the channeling flow of liquid (e.g. liquid film break-up) significantly reduces the 
gas-liquid interfacial area. Therefore, the present study focuses on gas-liquid interfacial flows on an 
inclined wall, which is a model simplified from a typical structured packing element in absorbers. 
There were numerous previous theoretical and experimental studies on typical liquid falling film flows 
[1], [2], [3]. Several experimental studies have been conducted for specific packed columns in order to 
measure the mass transfer performance and to develop the empirical modelling [4], [5], [6], [7], [8], [9], 
[10], [11], [12]. In recent years, several studies can be found in the literature, which employed the 
Computational Fluid Dynamics (CFD) simulations of gas-liquid two-phase flows in packed columns [6], 
[13], [9], [10], [11], [14], [12], [15], [16], [17]. Additionally, several studies exist on not only gas-liquid 
two-phase flows but also gas-liquid-liquid three-phase flows [18], [19], [20], [21]. Useful results were 
obtained including the liquid hold up, gas pressure drop, CFD validation, etc.  
Despite these previous efforts, the detailed descriptions of the transition phenomena between the film 
flow and rivulet flow, as well as how it is affected by the wall surface texture treatment and liquid flow 
rate, is still lacking. The present study attempts to close this gap by focusing on the effects of the change 
of liquid flow rate and the wall surface texture treatments on the characteristics of wetting flows.  
In what follows, this study develops a three-dimensional numerical simulation technique using CFD 
with the Volume of Fluid (VOF) model [22] as well as a lab-scale experimental testing technique. We 
investigate that the effects of wall surface texture treatments on the interfacial flow through the 
comparison of two geometry cases (smooth wall and wavy wall). Furthermore, our fundamental technics 
are applied to develop our advanced design of surface texture treatments and packing systems. The 
absorption column tests using the CO2-NaOH system is carried out to measure the performance of the gas 
pressure loss and the absorption rate. 
Nomenclature 
v  velocity [ -1ms ] 
t  time [ s ] 
p  static pressure [ Pa ] 
g  gravitational acceleration [ -2ms ] 
S  source term, Sm [ -3Nm ] or Sf [ -1-3skgm ] 
f  volume fraction [ - ] 
Re  Reynolds number [ - ] 
We  Weber number [ - ] 
Q  volumetric flow rate [ -13sm ] 
A  area [ 2m ] 
a  amplitude of the surface texture [ m ] 
Greek letters 
 inclined angle of the wall plate [ degree ] 
 density [ -3kgm ] 
 viscosity [ Pas ] 
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 surface tension [ -1Nm ] 
 contact angle for air and water on the wall [ degree ] 
 liquid film thickness [ m ] 
 length of the surface texture [ m ] 
Subscripts 
l  liquid phase 
g  gas phase 
in  inlet 
m  momentum 
k  phase k  
f  volume fraction 
N  Nusselt theory 
w  wetted surface 
t  total surface of the plate 
2. Numerical and experimental method 
2.1. Wetting flows on inclined walls 
2.1.1. Flow Configuration 
The outline of the flow configuration of the interfacial flow on the inclined wall is shown in Fig. 1. 
The geometry and flow conditions are set up according to the existing studies [18], [19], [20], [21]. The 
flow configuration is a model simplified from a typical commercial structured packing element in 
absorbers. The dimension of the inclined stainless steel wall plate is 60 mm 50 mm (the first dimension 
is the length of flow field, and the second dimension is the width of one), which is held by the supports on 
the left and right sides of same material. The inclined angle of the wall plate ( ) is 60 degree  with 
respect to the horizontal ground, which is used by a commercial structured packing element. Wall surface 
treatments, such as small texture or perforations, are often used in several commercial industrial packing 
elements in order to increase the wetted area and to prevent the liquid channeling [13], [9], [10], [14], 
[12]. The amplitude a  and length  of the wavy surface texture are selected based on a commercial 
packing element [14], [12].  
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Figure 1   Outline of the interfacial flow on the inclined wall 
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Air and water are used as the gas-liquid two-phase fluids at the normal pressure (1 atm) and room 
temperature (25 C ). For air, its density g  is 1.185 3kg/m , viscosity g  is 1.84 510 sPa ; for water, 
its density l  is 997 3kg/m , viscosity l  is 8.9 410 sPa , surface tension  is 0.072 N/m . The static 
contact angle ( ) is 70 degree  (standard deviation: 4.5 degree ), which is obtained by our measurement 
using the DMs-400 manufactured by Kyowa Interface Science Co.,LTD. 
2.1.2. Numerical Method 
The computational region is shown in Fig. 1 (a). In this study, CFD simulations are carried out with 
the commercial code FLUENT (Version 6.3), ANSYS Inc. The three-dimensional and transient 
simulation by a Volume of Fluid (VOF) model is used. We use the CFD models in this study, which has 
been validated in terms of the interfacial surface shape, the transition point between the film flow and 
rivulet flow, and the liquid film thickness on an inclined plate with a smooth surface [22]. 
Two conservation equations of the mass and momentum are solved numerically: 
0v
t          (1) 
mpt
Sgvvvvv T      (2) 
where v  and p  are the velocity vector and static pressure of the fluid, respectively. mS  is the source 
term vector expressing the momentum sources such as the surface tensions, which are described later. 
In this study, turbulence is not taken into account since the range of the Reynolds number of the liquid 
flow indicates laminar (liquid Reynolds number: 300Re Nl ). 
Additionally, using the VOF model, the interfacial surface position is not explicitly tracked but is 
represented by the volume fraction of each fluid as follows: 
kfkkk
kk Sf
t
f v         (3) 
where kf  and kv  are the volume fraction and velocity vector of the phase k , respectively. fS  is the 
source term expressing the mass sources such as the mass transfer between phases. In this case, fS  is 
zero based on the assumption that the mass transfer between gas and liquid can be negligible. 
The effect of surface tension along the interface between each pair of phases is implemented with the 
continuous surface force (CSF) model [23]. In this CSF model, the addition of surface tension to the VOF 
model is reflected into a source term mS  in the momentum equation. Additionally, in order to consider 
wall adhesions, contact angles between phases and walls are imposed as a wall boundary condition [23]. 
The liquid flow rate is varied in this paper as /sm104.1/sm101.1 3536 inlQ  
( m/s67.0m/s.0560 inlv ,  300Re25 Nl ). The main plate and both side supports are implemented 
as no-slip walls with the given contact angle ( ). The other boundaries, which are upward, downward 
outlet and top boundaries, are set to the pressure outlet conditions by using the defined static pressures. 
Isothermal flow conditions are considered in this simulation. 
2.1.3. Experimental Method 
The experimental setup is shown in Fig. 1 (b). The dimension of the inclined stainless steel wall plate 
(SUS304, 2B, surface roughness 3.2 ) is 250 mm 50 mm (the first dimension is the length of flow 
field, and the second dimension is the width of one), which is held by the supports on the left and right 
sides of same material. The inclined angle of the plate ( ) is 60 degree  with respect to the horizontal 
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ground. The liquid distributor, which is an overflowing weir, is used to deliver a uniform liquid film 
thickness at the liquid inlet. The liquid flow rate is varied in this paper as 
/sm104.1/sm101.1 3536 inlQ . 
Experimental data are measured by using a camera and optical techniques at the normal pressure (1 
atm) and room temperature (11~14 C ). The digital camera (Nikon D200) is set vertically to the inclined 
plate to take pictures of the liquid flow behavior. The wetted area of liquid on the inclined plate is 
measured by using an image analysis system to calculate a wetted area from a picture. The measurement 
region on the inclined pale is 60 mm 50 mm (the first dimension is the length of flow field, and the 
second dimension is the width of one) to compare experimental data with numerical data. 
2.2. Absorption column tests 
The schematic process and a picture of the absorption column tests are shown in Fig. 2 (a) and (b). 
Here, the CO2-NaOH system is applied to measure the CO2 absorption performance and the gas pressure 
loss. The diameter of the column is 500 mm. The packing height is about 650 mm. The fresh air with 
approximate 1000 ppm-v/v CO2 is heated to 40 degree C before feeding to the bottom of the column. The 
pressure at the inlet of the column is less than 2 kPaG. The volume flow rate of the inlet gas is adjusted to 
22.5 m3/min at every experimental conditions to keep the superficial gas velocity related to the empty 
column at 2 m/s. The solvent of NaOH, whose concentration is less than 1 mol/L, is heated to 40 degree C 
as well before feeding into the top of the column. The flow rates of the NaOH solvent are adjusted from 
45 L/min to 157.5 L/min, covering the range of L/G from 2 L/m3 to 7 L/m3.  
The CO2 concentrations at the inlet and outlet of the column are measured with an infrared analyzer 
(Horiba, VA-3001) to calculate the absorption rate of CO2. The gas pressure loss in packings is measured 
with a differential pressure meter (Yokogawa, EJX120J), excluding the distributor. 
 
 
3. Results and discussion 
3.1. Wetting flows on inclined walls 
In this section, the effects of wall surface texture treatments on the flow transition of wetting flows are 
investigated. The numerical and experimental results of the interfacial surface shape between gas and 
liquid are shown in Fig. 3 and Fig. 4, for different Weber numbers ( 44.1We04.0 Nl ,  
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Figure 2   Absorption column tests 
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230Re25 Nl ). The view in Fig. 3 and Fig. 4 is parallel to the inclined wall. Numerical results are 
shown by using iso-surfaces which are defined by the specific volume fraction of liquid, lf =0.5.
Figure 4 Instantaneous liquid flow patterns on the wavy wall
(A) Numerical results
(a) NWel =0.04 (b) NWel =0.42 (c) NWel =0.80 (d) NWel =1.14 (e) NWel =1.44
Interfacial surface height from the reference height [mm]
(B) Experimental results
(a) NWel =0.04 (b) NWel =0.34 (c) NWel =0.70 (d) NWel =1.03 (e) NWel =1.41
Figure 3 Instantaneous liquid flow patterns on the smooth wall
(A) Numerical results
(a) NWel =0.04 (b) NWel =0.42 (c) NWel =0.80 (d) NWel =1.14 (e) NWel =1.44
Liquid film thickness [mm]
(B) Experimental results
(a) NWel =0.05 (b) NWel =0.33 (c) NWel =0.73 (d) NWel =1.01 (e) NWel =1.32
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Two types of flow patterns are observed in Fig. 3 and Fig. 4: the full film flow which is developed on 
the entire plate, and the channeling flow for which both of the film flow and rivulet flows are formed on 
the plate. The decrease of the wetted area by the channeling flow at the low Weber number NWel  occurs 
due to the effect of surface tension (mainly exhibited as cohesive force between fluid particles at the 
interfacial surface region), which tends to minimize the interfacial surface area against the inertia force. 
The liquid flow patterns on the wall surface texture in Fig. 4 are also quite different than ones on the 
smooth wall in Fig. 3 at the same condition of Weber number NWel . For example, the channeling flow 
occurs in the case of the smooth wall at NWel 1.0 in Fig. 3, yet at the same Weber number condition 
the full film flow is retained on the full plate with the assistance of the texture treatments in Fig. 4.  
Figure 5 shows the calculated wetted area tw AA  obtained by numerical and experimental results as a 
function of the Weber number ( 24.2We04.0 Nl ,  300Re25 Nl ). It is apparent quantitatively that 
the wall surface texture treatment gives larger wetted area than the counterpart on the smooth wall.  
Thus, the present results show that the surface texture treatments can indeed help to prevent liquid 
channeling and can increase the wetted area. We believe that the main reason for the increase of the 
wetted area on the wavy wall is that the liquid film break-up is inhibited due to the spreading of the liquid 
flow in spanwise direction by the wavy wall geometry. Figure 6 shows the comparison of liquid spanwise 
velocity on the gas-liquid interfacial surface obtained by the numerical simulation. As seen in Fig. 6, the 
liquid spanwise velocity is diffused due to the liquid spreading in spanwise direction by the wavy wall 
geometry as compared with the smooth wall. Especially, in Fig. 6, this diffusion effect by the wavy wall 
is observed noticeably in the region closely both side walls, in which liquid flow is affected by the 
meniscus force.  
Additionally, the simulation results, on both of smooth and wavy walls, agree well with the 
experimental results at points such as the gas-liquid interfacial surface shape and the wetted area, as seen 
in Fig. 3, Fig. 4 and Fig. 5. These validations demonstrate that the present simulation, which uses the 
VOF model, is capable of predicting gas-liquid interfacial flows on an inclined plate with a high accuracy 
in a reasonable calculation time period. 
 
3.2. Absorption column tests 
Figure 7 represents the results of the gas pressure loss and the CO2 absorption performance of two 
types of IHI advanced packings as well as those of several conventional structured packings, which are 
measured by our absorption column tests using the CO2-NaOH system. The surface of the IHI advanced 
packings is treated with our original texture treatment different from the aforementioned wavy type. The 
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horizontal axis in Fig. 7 indicates the gas pressure loss per unit height of the structured packing. The 
vertical axis is the reciprocal of the Height of a Transfer Unit (HTU). We utilize the reciprocal of HTU to 
indicate the relative absorption performance of different packing types.  
By using the advanced design of the surface texture treatment, the absorption performance of the 
advanced structured packing type A is higher than those of several conventional structured packings, 
while its gas pressure loss per unit height is similar to that of several conventional structured packings.  In 
order to decrease the gas pressure loss, we adjust the specified surface area of the advanced structured 
packing as to be the advanced packing type B. As a result, the gas pressure loss per unit height of the 
advanced structured packing type B is approximately the half of that of the advanced structured packing 
type A. However, its absorption performance is still comparable which those of several conventional 
structured packings.  
 
4. Conclusions 
In this study, the effects of the liquid flow rate and the wall surface texture treatments on interfacial 
flows are investigated by using numerical and experimental techniques. Furthermore, our advanced 
packings are developed and tested by using the CO2-NaOH absorption column tests. The following main 
conclusions are drawn: 
(1) With a typical texture geometry used in a commercial industrial packing element, the present 
numerical and experimental results comparing the two geometry cases (smooth wall and wavy wall) 
show that the surface texture treatments can help to prevent liquid channeling and can increase the 
wetted area quantitatively. The main reason for the increase of the wetted area on the wavy wall is 
that the liquid film break-up is inhibited due to the spreading of the liquid flow in spanwise direction 
by the wavy wall geometry. 
(2) The numerical simulation results, on both of smooth and wavy walls, agree well with the 
experimental results at points such as the gas-liquid interfacial surface shape and the wetted area. 
(3) Our advanced design of surface texture treatments and packing systems is developed by using 
present numerical and experimental technics. The absorption column tests using the CO2-NaOH 
system show that our advanced packings have lower gas pressure loss and higher absorption 
performance by comparing to several conventional structured packings. 
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In an ongoing project, IHI has constructed a post-combustion capture pilot plant at its Aioi Works 
(capacity: 20 tons of CO2/day). This pilot plant can be operated in combination with the co-located coal 
combustion test facility, which makes it possible to carry out operational evaluations using actual flue gas 
from coal-fired boiler. Sequential test operations were started at this pilot plant from June of this year. On 
the next step, our advanced packing systems will be evaluated by using this pilot plant in 2013. 
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